In this paper we explore a scenario where the dark matter is a mixture of interacting and non interacting species. We observe that the effect on the matter power spectrum can ressemble the suppression of power expected in the case of non-negligible neutrino masses, though the effect described here manifests itself at smaller scales. We conclude that the lack of precise determination of the bias parameter could hinder our ability to disentangle the effect of neutrino masses from a mixture of collisional and collisionless dark matter fluids. This analysis is the first to highlight such a potential complication in the determination of neutrino masses owing to dark matter particle properties.
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I. INTRODUCTION
The standard Lambda Cold Dark Matter cosmological model (ΛCDM) predicts the the angular power spectrum of the cosmic microwave background (CMB) remarkably well. It is also very successful in predicting the Universe's large-scale-structure distribution (LSS). Yet the particle physics nature of dark matter (DM) remains elusive. The devil is now in the details. A way to progress further is to explore possible alternative scenarios to ΛCDM and see how good a fit they can be to the existing data. Ultimately this approach is meant to reveal the microscopic properties of DM and unveil how collisionless DM needs to be to explain the observed Universe.
Models of collisional dark matter have been studied intensively to this purpose. Upper limits have been obtained on the ratio of the elastic scattering cross section to the dark matter mass for different type of interactions. For example, limits have been obtained for DMphoton interactions in e.g. Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , DM-neutrinos in e.g. Refs. [1, 3, 14, [16] [17] [18] [19] , DM-baryon interactions in e.g. Refs. [5, 6, [20] [21] [22] and DM self interactions in e.g. Refs. [1, 3, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . DM scattering off a hypothetical dark radiation (DR) component has also been considered in e.g. Refs [33] [34] [35] [36] [37] [38] [39] [40] . The effect of a mixture of cold and warm DM on structure formation was considered in e.g. Refs [41] [42] [43] [44] [45] . However, models in which DM is composed of a mixture of collisional and collisionless components have not received much attention as yet, except for the case of DM-DR interactions [46] .
In this letter, we take a first step towards the understanding of these mixed-DM scenarios and study the combination of a cold, collisionless DM component and a collisional DM component which experiences elastic scattering off photons. We have chosen to consider DMphoton interactions because their impact on the CMB are easier to understand and therefore they are a convenient framework to highlight the main phenomenological * julia.j.stadler@durham.ac.uk implications of mixed-DM scenarios. The extension of this study to other types of interactions (and other types of DM candidates than CDM) is left for future work.
We find that the damping of small-scale perturbations in this scenario has a rich and interesting phenomenology. In particular, a small fraction of interacting DM can have a similar impact on the matter power spectrum as massive neutrinos. Therefore there is a risk to confuse the two scenarios when analysing future LSS data, unless the halo bias is determined with extreme precision [47, 48] . This paper is organised as follows. In Section II we present the mixed-DM model, that we consider for this study. The implications of this scenario on the CMB and LSS observations are discussed in Sec. III and Sec. IV, respectively. We conclude in Sec. V. All the modifications to the Boltzmann equations in the mixed-DM scenario have been implemented in the Boltzmann code CLASS 1 (version 2.6) [49, 50] .
II. MODEL AND IMPLEMENTATION
We consider a scenario with two DM components. One is the standard cold dark matter (CDM), which interacts only gravitationally, and the other component is assumed to have interactions with photons (γDM). For simplicity, we will assume that the elastic scattering cross section associated with the γDM component is independent of the DM energy and velocity and consequently is well described by a constant (σ γDM ). In this model the total amount of dark matter in the universe is the sum of both components, that is Ω DM = Ω CDM + Ω γDM . The fraction of interacting DM is defined as
The impact of the γDM component on the CMB is described by a single parameter: the ratio of the scattering cross section to the dark matter mass which can be parametrized as
(
In scenarios where interacting dark matter is the only component, i.e. f γDM = 1, it was found, using the 2015 Planck data [51] [52] [53] , that u γDM cannot exceed u γDM ≤ 2.25 × 10 −4 at 95 % confidence [15] because of the damping of the acoustic peaks on large scales.
The evolution of the CDM and γDM perturbations are described by two different sets of equations. The CDM formalism was derived in Ref. [54] while the full set of equations for the γDM-component were given in Ref. [15] (as an update of [7] ). The most important term for the purpose of the current analysis is the velocity dispersion of the interacting component θ γDM . The latter has an additional scattering term with respect to CDM, which is the last term in Eq. 2
(2) In this equation φ and ψ are the metric perturbations in Newtonian gauge,μ = a n γDM σ γDM is the γDM scattering rate, c γDM the sound speed of the γDM component, and the ratio S = 4ρ γ /3ρ γDM ensures momentum conservation. Our notation follows closely that of [54] .
The second term in the RHS of Eq. 2 is present whenever the dark matter particles are in thermal contact with the photon bath. Yet, this term only changes the CMB and P (k) predictions on observable scales when the m γDM is smaller than 10 eV and 1 GeV respectively (whatever the γDM fraction) [15] . Since the cosmology of very light DM particles can be very different from CDM (see for example Ref. [55] ), we will restrict our analysis to the most CDM-like scenarios for now and assume m γDM 1 GeV to neglect the subtle effect of the sound speed and focus on the main effect of mixed DM in what follows.
The evolution of the CMB perturbations is affected by both DM components through the gravitational potentials and by the DM-γ interactions. The equation associated with the photon velocity dispersion thus readṡ
We replaced each occurrence ofκ by (κ +μ) in the source terms (cf. Ref. [15, 54] ) of the higher order intensity multipoles F γ,l (l ≥ 3) and second Stokes parameter's multipoles G γ,k (k = 0, 1, ...). The evolution of neutrino and baryon perturbations is not modified by the introduction of an interacting dark matter component, except for the impact of the interacting component on the gravitational potentials. Their expressions can be found in [54] .
We now discuss the impact that these modifications have on the CMB spectra and the matter power spectrum.
III. IMPACT ON CMB SPECTRA
Before examining the impact of mixed DM scenarios, let us recall that an interacting component with f γDM = 1 affects the CMB temperature and polarization spectra via
• an increase of the first acoustic peak caused by the decrease in the photon's diffusion length,
• a reduction of all further acoustic peaks due to collisional damping,
• and an overall shift of the Doppler peaks towards higher multipoles as a result of the decreased sound speed of the plasma [2, 7] .
Hence we expect that some of these features are also present in mixed DM scenarios. We compare in Fig. 1 the temperature auto-correlation (TT), the E-mode polarization auto-correlation (EE) and the temperature E-mode cross correlation (TE) spectrum for ΛCDM, pure-γDM, and mixed-DM with varying f γDM . We have chosen a large cross section to mass ratio (u DMγ = 0.01) for the interacting component to make the effects visible by eye. Mixed-DM has a similar effects on the CMB spectra as pure-γDM, though less pronounced. As a result, the TT, TE, and EE spectra obtained for mixed-DM are intermediate between the ΛCDM and the pure-γDM case. The f γDM fraction essentially controls the interpolation between these two limits.
IV. IMPACT ON THE LINEAR MATTER POWER SPECTRUM
The impact of mixed-DM on the linear matter power spectrum is different from pure-γDM. As shown in Fig. 2 , the matter power spectrum of pure-γDM exhibits a series of damped oscillations at small-scales while the linear matter power spectrum of mixed-DM can be similar to the CDM spectrum in presence of non-negligible neutrino masses. More precisely, we observe that (a) On large scales, there is no visible difference between the ΛCDM, the pure-γDM, and the mixed-DM spectrum.
(b) On intermediate scales, corresponding to the exponential cut-off scale in the pure-γDM scenario, we observe a suppression of power. This suppression can be more pronounced in the mixed-DM scenario than in the pure-γDM case depending on the fraction of interacting DM.
(c) Finally, at small scales, the mixed-DM power spectrum evolves parallel to the ΛCDM matter power spectrum but with somewhat reduced magnitude, which is controlled by the interacting DM fraction and gets smaller for smaller values of f γDM . This classification holds true regardless of the exact value of u DMγ , although the cross section to mass ratio controls the scale at which the transition between the three regions occurs.
The behaviour at the largest scales (a) is easy to understand, as these do not enter the horizon until the DMphoton interactions have kinetically decoupled, i.e they are not affected by the scattering processes. However, the suppression of power in the linear P (k) of mixed-DM on intermediate and small scales requires some explanation.
In Fig. 3 , we show the time evolution of two specific modes (namely k = 5 h/Mpc and k = 30 h/Mpc), which lie in region (b) and (c) of the matter power spectrum respectively. Because mixed DM scenarios involve both CDM and γDM components, we show the evolution of both component perturbations separately for several mixed DM models. The CDM perturbations are in pale colors and their γDM equivalent in the same (but darker) colors.
We first focus on the mode in region (b): as one can see, upon horizon entry the density contrast δρ/ρ of the CDM component decreases with time while the γDM component first undergoes a brief period of scattering off the photons and then its density contrast starts to grow. Only the absolute value of δρ/ρ is important for the matter power spectrum. The later is governed by the γDM-fraction (f γDM ) and so is P (k) as a result. The CDM component dominates the potential wells when f γDM is small. Consequently, the perturbations associated with the interacting component follow the evolution of the perturbations of the CDM component. On the contrary, when the γDM-fraction is large and the initial period of γDM-photon scattering is short, the potential wells are dominated by the interacting component, and so the CDM perturbations follow the evolution of the perturbations associated with the interacting component. An example of the latter effect is shown in the upper panel of Fig. 3 for f γDM = 0.9. Fig. 2 shows that mixed-DM can produce less power than pure-γDM on scales in region (b). This effect is easier to understand in position space. The opposite signs of δρ/ρ of the CDM and γDM component correspond to a distribution of matter where overdensities in CDM predominantly coincide with underdense regions in γDM and vice versa. Hence the perturbations for the γDM and CDM components partly cancel each other and the growth of structure is hampered with respect to the pure-γDM scenario. This cancellation becomes less prominent as the γDM-fraction decreases. Also the CDM component does not experience an initial phase of damping by the photon collisions when f γDM is very small. Hence the dip gets shallower as the fraction of interacting DM decreases.
Finally, an example of the evolution of a mode in our region (c) (where the mixed DM P(k) evolves parallel to that of CDM) is shown in the bottom panel of Fig. 3 . These modes enter the horizon earlier. As a result the γDM-component experiences a longer period of scattering with the photon during which the perturbations of the CDM component start growing. When the pressure from the γDM-photon interactions ceases, the potential wells in the CDM component are already well-developed and the primordial γDM perturbations have mostly been erased. In this regime γDM simply falls into the CDM potential wells, whose depth depends on the fraction of the interacting DM component. Consequently, in region (c) the suppression of power with respect to ΛCDM is less significant for smaller fractions of interacting DM. 
V. CONCLUSIONS
In this letter we investigate a scenario with two DM components. One is interacting with photons and another one is essentially CDM. To our knowledge, this is the first cosmological study of such mixed dark matter scenarios. We assume a DM mass for both components greater than GeV, as this enables us to neglect the effect of the DM sound speed, and focus on the CMB and P(k) predictions of such mixed DM scenarios.
While the CMB angular spectra behave as it is expected, we find that the morphology of the matter power spectrum is more complex. For extreme values of the fraction of interacting DM the final P(k) can look similar to the P(k) of CDM or pure γDM. However, for intermediate values of the fraction of interacting component, the P(k) can be very similar to the (CDM) matter power spectrum expected in presence of non-negligible neutrino masses. I.e. there is first a suppression of power followed by a similar evolution to CDM (which translates into a P(k) parallel to that of CDM but somewhat reduced in magnitude). The magnitude of the suppression is controlled by the fraction of interacting DM, while its onset depends on u γDM . We observe an additional dip at the scale where the suppression sets in, which is caused by the partial cancellation of perturbations between the collisional and collisionless DM components.
While it is theoretically possible to distinguish both P(k) using the dip and the scale of the cut-off, in practice one would need to know the bias with a lot of accuracy (especially if it is scale dependent) to make such a discrimination. The existence of such scenarios could mislead the current interpretation of the P(k) data and reconstruction of the neutrino masses using cosmological data. It may be that the upper limit on neutrino masses is even smaller than currently constrained. The allowed parameter space for f γDM and u γDM can also be constrained from CMB observations. We will present these results in an updated version of this manuscript.
